To investigate the cognitive role of the cerebellum of fish, we conducted experiments examining effects of cerebellar manipulations on fear-related classical heart rate conditioning in goldfish. We performed two types of manipulations, one was total ablation of the corpus cerebelli and the other was localized cooling of the corpus cerebelli for reversible inactivation of the cerebellar function. Both the cardiac arousal response to the first presentation of the conditioned stimulus and the cardiac reflex to the aversive unconditioned stimulus were not impaired by the ablation or cooling of the corpus cerebelli. On the other hand, inactivation of cerebellar function severely impaired the acquisition of a conditioned cardiac response in the fear-related conditioning. In addition, localized cooling of the corpus cerebelli reversibly suppressed the expression of established conditioned response. We suggest that the cerebellum of fish is not only being a motor coordination center but also is involved in emotional learning.
Introduction
It is well known that the limbic system, especially the amygdala, is critically involved in fear-related classical conditioning in mammals [5, 6, 10, 12, 14] . On the other hand, ablation of the teleost telencephalon, which is phylogenetically related to the limbic system in land vertebrates, does not disrupt classical autonomic conditioning using an aversive procedure similar to that used in mammals [7, 14, 16, 25] .Recently, there is growing evidence that the mammalian cerebellum, in addition to being a motor coordination center, is involved in emotional behavior [2, 3, 7, 23, 27, 28] . Vermal part of the cerebellum has been implicated in emotional or fear-related behaviors [2, 28] . Bobee et al (2000) [3] have reported that the cerebellar vermis is involved in attentional capabilities and emotional behavior as well as in motor control. Although the mammalian cerebellum shows marked elaboration compared with that in fish, the basic design of internal circuitry is shared with fish [1, 4, 15] . The cerebellum of fish consists of three main parts, corpus and valvulla cerebelli and lobus vestibulolateralis. The piscine 2 anesthesia for 1.5 h in a dimmed environment before starting the conditioning procedure.
The conditioning procedure consisted of 5 trials of habituation and 30 trials of acquisition. In the cooled group (n=14), cooling of the CC started 15 min before the conditioning procedure began and stopped just after the ending of the 15th trial of the acquisition session. Thus, in the latter half of the acquisition session, the CC was not cooled. In the control group (n=14), the cooling apparatus was set as in the cooled group but the CC was not actually cooled.
To examine the effect of CC cooling on acquired conditioned response, 5 wellconditioned fish in the control group were subjected to an additional experiment. Fifteen minutes after finishing the conditioning procedure, 3 trials of paired presentation of the CS and US were given to determine the retention of the conditioned bradycardia. Then the CC was cooled for 15 min and another 3 trials of the paired presentation were given under the CC-cooled condition. The fish were then recovered from the cooling for 15 min, and 3 trials of the paired presentation were given to determine the recovery of the response.
After finishing the experiment, fish were deeply anesthetized and decapitated.
Statistics
All statistical analyses were performed using the software package JMP (SAS Institute). Differences in learning curves between groups were analyzed using repeatedmeasure ANOVA, and the effect of the CC cooling on the acquired conditioned response was analyzed using a paired t-test. One-way ANOVA was used for analyzing the differences in the normal heart rate and responses to the first CS and US between groups. Differences were considered to be significant when p<0.05.
Results

Effects of CC ablation on classical heart rate conditioning
There were no significant differences in the heart rate prior to the start of the conditioning session between normal, sham-operated and CC-ablated goldfish. Thus, 5
surgical operation had no effect on the heart rate under resting conditions. Figure 1 shows the cardiac response to the first presentation of a US in normal and CC-ablated goldfish. The goldfish responded to a mild electrical shock in the trunk with cardiac deceleration (bradycardia) followed by slight acceleration (tachycardia), which were innate unconditioned responses. CC-ablated goldfish responded to the US presentation in the same way as did normal fish, indicating that the neural pathway underlying expression of the cardiac response induced by the nociceptive stimulus was intact after CC ablation. In the first trial of the habituation session, goldfish responded to the CS, i.e., LED light, with cardiac deceleration (Fig. 2 ). This arousal response to the novel stimulus was observed in all groups including normal, sham-operated and CC-ablated fish, and no significant differences were found between groups ( Fig. 2 ). This result
indicates that the perception of the CS was normal in CC-ablated fish. The arousal response to the CS was greatly reduced in the second trial and thereafter, and almost no response was observed in the latter half of the habituation session in all three groups ( Fig. 2 ).
In the acquisition session, normal and sham-operated fish apparently acquired a conditioned bradycardic response within several trials. We found that about 15 paired stimuli were enough for the majority of normal and sham-operated fish to acquire the maximum conditioned response (Fig. 2 ). No significant difference was observed in the learning curve between normal and sham-operated goldfish. On the other hand, ablation of the CC greatly and significantly impaired the acquisition of the conditioned bradycardia (p<0.05) (Fig. 2 ). Because, as described above, both the perception of the CS and US and cardiac regulation directly related to those stimuli were not impaired by CC ablation, the effect of the ablation was on the plastic change in this type of learning.
There seemed to be a tendency that the conditioning in the CC-ablated fish was in the course of development at the end of the acquisition session. Thus, it was not clear from the present experiment whether CC intactness is critical for the classical heart rate conditioning. However, the CC obviously plays a major part in the central circuit underlying the present type of conditioning. The conditioned response was reduced during the extinction session, in which the CS was never reinforced, in all three groups 6 (Fig. 2) . However, the conditioned response was not completely extinguished even after 20 extinction trials (Fig. 3) . In the CC-ablated goldfish, the extinction curve was somewhat shallow compared with that in normal and sham-operated goldfish (Fig. 2) .
Effects of CC cooling on classical heart rate conditioning
The above results show that the integrity of the CC is important for learning performance in a classical heart rate conditioning situation. We further investigated the involvement of the cerebellum in heart rate conditioning by examining the effect of reversible inactivation of the CC function by localized cooling. Goldfish fitted with a cooling apparatus but not actually cooled were treated as the control group so that only the effect of cooling could be evaluated. It was confirmed that both the base heart rate and the unconditioned response to the US were normal during the CC cooling. Thus, the cooling of the CC had no effect on the unconditioned regulation of heart rate. In the cooling experiment, an acquisition session consisted of 30 trials of paired presentations of CS and US. In the CC-cooled group (n=14), cooling was started 15 min before the habituation session and stopped just after the 15th trial of the acquisition session. The arousal response to the first presentation of the CS was normally observed in the CCcooled group (Fig. 3) . However, we found that acquisition performance during cooling in the CC-cooled group was significantly lower than that in control fish (n=14) (p<0.05) (Fig. 3) . It is obvious that the localized cooling of the CC greatly impaired acquisition of the conditioned response. After the cooling was stopped, a conditioned bradycardic response developed as if fish were naive (Fig. 3) .
To examine the effect of CC cooling on acquired conditioned bradycardia, we subjected 5 fish that showed relatively high performance in the acquisition session in the control group to an additional experiment. Fifteen minutes after the acquisition session ended, conditioned bradycardia was well retained and the magnitude of the conditioned response was not significantly different from that in the last 5 trials of the acquisition session (Fig. 4) . However, 15-min cooling of the CC greatly reduced the conditioned response (Fig. 4) , indicating that the CC cooling affected certain stage(s) involved in the expression of conditioned bradycardia. The conditioned response was completely recovered from the effect of CC cooling after a 15-min uncooled recovery period (Fig. 4) .
Discussion
Classical conditioning in which emotional associative learning and systemic conditioned responses are involved is established relatively quickly compared with that involving discrete somatic motor learning [11, 13] . In the present study, we found that the establishment of a conditioned bradycardic response was remarkably rapid in our preparations, supporting our belief that the present situation was not discrete somatic motor learning but so-called fear-related emotional learning. In goldfish, Overmier and Savage (1974) [17] have shown that, by using a delay conditioning procedure similar to There seemed to be a tendency that the conditioning in the CC-ablated fish was in the cource of development at the end of the acquisition session. Thus, it was not clear from 8 the present experiment whether the intactness of the CC is critical for the classical heart rate conditioning. However, the CC obviously plays a major part in the central circuit underlying the present type of conditioning. The cerebellum of the goldfish consists of three major parts including the corpus and valvula cerebelli and vestibulolateral lobe.
The CC and the medial valvula cerebelli share their major projection areas [8] . This might be a reason why the ablation of the corpus cerebelli did not totally abolish the acquisition of conditioned response. Otherwise, brain regions other than the cerebellum is also involved.
Cooling of the CC also impaired the acquisition of the conditioned bradycardia. The effect of cooling was almost compared to that of the CC ablation. In the procedure used in the present experiment, control fish were also fitted with the cooling aparatus in which circulating water was not cooled. Therefore, only the effect of the cooling on the acquisition can be evaluated. By cooling the localized part of the brain, we were able to depress the function of the CC reversibly. After the cooling was stoped, development of the conditioned response was observed as in naive fish. This result suggests that the assosiation of CS and US and/or memory storage is the role of the CC in classical heart rate conditioning. If the CC controls only the expression of the conditioned response, the magnitude of the conditioned bradycardic response would quickly reach the control level after the cooling was stoped. However, a possibility that the neural circuitry in the CC suffered from the after effect of the cooling for some period cannot be ruled out.
Monitoring of the activities of the cerebellar neurons during the period of cooling and recovery from the cooling would be required in further experiment.
Here we demonstrated that the cerebellum in fish is involved in classical heart rate conditioning. The results presented here also support the idea from a functional aspect in demonstrating that the CC is homologous with the vermis of higher vertebrates [9] . It is interesting to note that the cerebella in teleost fish and mammals share an "emotional" function in an aversive situation. In mammals, it has been shown that integrity of both amygdala and the cerebellum is essential for classical fear-related conditioning including heart rate conditioning [6, 10, 11, 14, 23, [25] [26] [27] . On the other hand, telencephalic ablation does not disrupt the acquisition of classically conditioned bradycardia in a teleost 9 goldfish [16, 17] . The neural center for aversive learning in the limbic system might have developed during the course of the evolution of tetrapods. 
